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ABSTRACT

The clustering of asteroids, the Trojans, a: the Jupiter
liberation points L4 and L5 offer yearly |launch opportunities for
double flybys. In addition, passage through the wmain belt can add
one and sonetinmes two additional flybys to make this an attractive
m ssion for small spacecraft . Al so, launch mass will double by
using a 2-year Earth return gravity assist, as well as offer
additional nain belt flybys

| nt roduction

The Trojan asteroids residing in the 1,4 and 1% regions of Jupiter

(l ocations of 60 degrec |eading and |agging Jupiter in its orbit) , represent

important clusters of mmin-belt sized bodies. Their number, as detected from
Earth, has increased significantly in the past few years, with inproved
telescopic sensitivity and interest (see Reference) . Though further fromthe
sun than nmmin-belt asteroids, and so more difficult to reach, this is
conpensated somewhat by their clustering property, which allows higher

probability for multiple encounters.

This clustering property i s shown in Figure 1, which plots the ecliptic
pl ane projection of their |ocation on February 1, 1994. To avoid clutter on
the Figure, only 80 asteroids have been plotted. As of November 1994 there are
114 nunbered Trojans, and 70 unnunbered; and future observations should
increase this nunber considerably. Figure 2 shows the same 80, as seen from 15
degrees to the ecliptic, and indicates that sone Trojans can be highly
i nclined.

The purpose of this study is to explore the possibilities of nultiple
Trojan asteroid encounters, expecting that they would be nore nunerous because
of their clustering property. This is indeed the case; and, in fact, since the
spacecraft nust pass conpletely through the nmain belt twi ce, opportunities
exist to include one or two of these asteroids also

Dual Trojan Flybys

A few double Trojan encounters have been generated in this exercise to
get sone understanding of their frequency of occurrence, and possible deep
space nmneuver requirenments. The results are encouraging. Launch years from
1997 through 2001 have produced several. acceptable missions. The launch C3
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requirements for direct launch range from “18 tosskm?/sec? . Flight tines to
the second Trojan range from 3.2 to 4.2 years, and the deep space Av can be as
little as none to 1SO nis.

Seven opportunities were found for the 5 years chosen, and nore can
certainly be discovered. The technique chosen was rest rictive in the sense
that Trojans with low orbital inclinations wcre tried f irst, and this worked
quite we]] . One author (Bender), however, hLas developed a technique which
finds favorable launch and arrival dates for cach ‘Trojan such that the arrival
date is close to its nodal passage. This way, two which have simlar |aunch
dates (and trajectories) can be paired and used in MIDAS to conpute the dual
flyby possibility. Exercising this program will be left. for future work.

Adding Main Belt Bodies

M ssi ons beyond the Main Belt (as with Galileo) offer the opportunity of
cl ose encounters with these objects. A mssion of Trojan flybys offer 2
passages through the belt., i e., outbound and inbound. Perhaps nore, in fact,
if a second |-evolution about. the Sun is considered. T he typical period of the
orbit. is about 6 years.

Once a trajectory for a double Trojan flyby is conputed, it is
propagated in the ASTENC program (or a M DAS option) to sece which other bodies
it cones close to. Then, the closest candidates are included in the MIDAS
program as flyby targets. More often than not, t_wo bodies can be included, but
usually with a maneuver penalty. Only those cases which have modest
requirenents (less than 300 nmis) have been selected. the final results are
presented in Table 1.

kach pair of Trojans which results in favorable dual flyby encounters
for a given launch opportunity is listed as the first mssion of a possible
set . This includes no Main Belt encounters and will yield the mininmm total
energy, or nmaxi num payl oad.

‘1" he first set, for exanple, 1is a dual encounter of 1988 SK2 and 1988
RN11 (Trojans near L5) with a launch opportunity in 1997. The next two entries
then also include the main belt asteroids 1971 WKl (2nd mi ssion) and 3146 T-2
(3rd mssion). The encounter dates and flyby characteristics of the two
Troj ans do not change much, but there is usually a AV penalty to include the
main belt asteroid. In this set, including 21971 WKl requires 240 nis, but
i ncluding 3146 T-2 adds only 1 ms to the dual flyby of 154 mis. The penalties
for the other 4 sets are greater.

Aswith Jupiter, favorable |aunch opportunities occur every 13 nonths,
with those to L4 being two nmonths after Jupiter |aunch dates, and 1.5 being two

nont hs before. In Table 1, nission sets 1-5 apply to 1,4, and nission sets 6, 7
to 15. rigure 3 shows a polar view of the trajectory for the 4 asteroid
encounter of Set 2 in Table 1 .

Mass Esti mates

Also included in Table 1 is an estimate for spacecraft mass |ess on-board
propul sion and AACS systens. The Medlite | aunch vehicle was chosen for this
estimate. Using Figure 4, Medlite provides about 200 kg to an escape energy of
40 kn?/scc?. Then, an advanced propulsion stage is used Lo increase this
| aunch energy to 80 km?/sec? (requiring about 1.6 km/s), in addition to
performing deep space DV maneuvers of 200 nm's, the dry launch mass would be

v



about 120 kg. Subtracting off the dry propulsion nmass (with AACS) as shown in
Figure 5, about 90 kg remains for science instrunents and other spacecraft
systenms . This seens reasonable for the M1 ennium objectives.

Earth Gravity Assist Option

The use¢ of gravity assist. is usually available, if necessary, to
increase launch mass or decrease launch energy, Cy. For exanple, a 2 ycar

Farth gravity assist (EGA) will reduce launch energy from about 80 km?/sec? to

about 25 km?/sec? The Medlite injected mass would then be about 300 kg (Figure
4). Some of this wll be lost because a mandatory DV of about 700 m's is
required a year after launch on the EGA trajectory. If, in addition, about 500
ms is needed during the mssion, the propulsion mass wll be about 95 kg.
Using Figure 5, the dry propulsion mass (with AACS) conmes to about- 25 kg,
| eaving 180 kg for science and other spacecraft systens. Thus, although a 2-
year flight Lime has been added to the mission, the payload available has bheen
doubl ed.

An exanple S-asteroid flyby has been ge¢nerated by adding a 2-year EGA to
the Set 6 (Table 1) mission. The |aunch year is then 1998 instead of 2000. In
this trajectory search, it was possible to maintain the original two Trojan
asteroids and their arrival dates, but the auxiliary main belt asteroids which
were encountered changed. Also, on the 2--year Earth return, a fifth asteroid
about 1 year after |aunch was found and included in the mission. Data for this
m ssion may be found in Table 2 (called Set 8) . Total mission flight- time is
7.24 years.

Concl usi ons

Clustering of the Trojan asteroids a]]olw,l‘ double flyby 1launch
opportunities every 13 nonths to either those at L4 or at 1,5. There is also a
high probability that two main belt asteroid flybys can be included in the
m ssion, one on the departure leg and the other on the return leg. M ssion
duration to the 4th asteroid ranges from 4.5 to 5 years, and provides about
one flyby per year. The Medlite | aunch vehicle allows a |l aunch mass of 80 to
100 kg for direct launch, excluding the propul sion and AACS systens.

Use of a two year Earth gravity assist can double the |launch nmass at the
expense of flight, time. However, the average rate of about one flyby per year
may be maintained if two additional flybys can be included on the Earth return
segment . The probabilities for this are lower since the EGA only goes out to
2.2 AU and, if found, these flyby bodies will be smaller. Navigation
requi rements have not been conputed for these missions, but it is felt that
100 m's should be adequate. Finally, wth respect to previous nultiple
asteroid flyby searches, including Trojans into the mission can yield science
on a different class of asteroids as well as increase the nunber of bodies
vi sited.
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FIGURE2  JUPITER AND 80 TROJAN ASTEROIDS FEB. 1, 1994
Inclined view 15 degree

31,13-P




Figure 3: Flybys Of Two Trojans Plus 2
50 day tics on s/c
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Table 1. M SSI ON OPPORTUNITIES TO TWO TROJAN ASTEROI DS

LAUNCE (Set 3) TARGET 1 TARGET __ 2 TARGET 3 TARGET 4
DATE  C3(km2/s?) NAVE ( NUMBER) NAME (NUMBER) NAME (NUMBER) NAME (NUMBER)
DA MASS s/c T IME FB SPEED TIME FB SPEED TIME F3 SPEED TIME £8 SPEED
Ny . DV s/c Dv E-DIST RADIUS E-DIST RADIUS Z-DIST RADIUIS E-DIST RADIUS
32-17-97  78.6 1988 SK2 (11569) 1988 RN11 (12205) None None
-13.7deg 95 kg 713 days 6.6 km/s 1199 days 6.3 km's
6.50 km/s 154 1n/s 6.0 AU 10.8 km 5.3 AU 10.8 km
02-16-97  78.3 1971 WK1 (3421) 1988 SK2 (11569) 1988 RN11 (12295) None
-15.5 cdeg 92 kg 188 days 14.2 «mss Same Same
6§.57 km/s 240 m/ s 2.3 AU 4.1 km
02-18-97 79.3 3146 T-2 (14235) 1988 SK2 (11569) 1988 RN11 (12205) None
-12.0 deg 94 kg 190 days 14.9 km/s Same Same
5.53 km/s 155 m/s 2.3 AU 1.7 km
LAUNCH (Set 4) TARGET 1 TARGET 2 TARGET 3 TARGET 4
DATE  C3(xm?/s?) NAME (NUMBER) NAME (xov3ER) NAME (NUM3IR ) CAVE (NUMEBIR)
DLA .%s slc TI ME FB SPEED TI ME FB SPEED T IME r8 SPEED oM FB SPEED
INJ. DV s/c DV E-DIST RADIUS E-DIST RADIUS z-pis T RADIUIS E-DIST RADIUS
03-26-98  84.2 Pandarus D (2674) 1988 RN11 (12205) None None
-15.6 deg 89 kg 787 days 6.3 km/s 1535 days 5.9 km/s
§.61 kxm/s 69 m's 5.9 AU 51.0 km 5.3 av 10.8 km
03-30-98 83.9 Par vat i (2847) Pandarus D (2674) 1988 RN11(12205) None
-17.0 deg 87 kg 126 days 15.1 kmi's Sane Sane
6.66 km's 123 ni's 1.1 AU 5.4 km
03- 30- 98 83.9 Parvati Pandarus D (2674) 1988 rN11 (12205) Fanatica (1589)
-17.0 deg 83 kg Sane Sane Sane 2134 days 16.8 xm/s

6.74 km/s 219 r/s 1.9 AU 6.8 km

P




LAUNCH [Set 53

Table 1.

M SSION OPPORTUNITIES TO TWO TROJAN ASTEROI DS

TARGET 1 TARGET 7 TARGET 3 TARGFRT 4
DATE  C3(km?/s?) NAVE ( NUVBER) NAME ( NUMBER) NAME (NUMBER) NAME (NUMBER)
DLA MASS S/C T IME FB SPEED TI'ME FB SPEED TIME FB SPEED TIME T3 SPEED
INJ. DV §/C DV E-DIST RADIUS E-DIST RADIUS E-DIST RADIUIS E-DIST RADIUS
04-01-98 78.8 Phereclos D (2357) 1988 RN11 (11074) None None
-19. O deg 97 ke 885 days 5.7 km/s 1331 days 7.8km/s
6.47 kml's 110 m/s 4.4 AU 51.5 km 4.2 AU 5.8 km
03-31-98 78.7 1976 QP (10267 Phereclos D (2357) 1988 RN11 (11074) None
-16.3 deg 91 kg 128 days 17,2 «ms Same Same
5.55 km/s 196 s 1.1 AU 1.7 km ]
03-31-98  78.7 1976 QP Phereclos D (2357) 1988 RN11 (:1074) Graz (28056)
-16.3 deg 91 kg S ame Same Same 189¢ days 15.0 kn/s
6.57 km/s 215 m's 3.3 AU 0.1 k¢




u St g OY 270 S/W 062 S/ 6879
s/wY "%y SAep 8122 swegs swes sures by 9L besp z'9z
(goze) d uo3seyyq 6581 §9393DOTTYJ 8ETY EBRYDOTRY EVE) SO wIe3SO 6 S8 T0-90-17

wy £€°0T av L°2 S/w 0ZZ §/W¥ 28°9

swes swegs s/u 0T Ssdep z1Z by 08 bep z g7

SUON 6987 §939300TTYd 8E€TY) gEeyo TRy (E¥€) SO ®©xe3IS0 L S8 T0-L0-TT
wY 1LY ¥ §°% wY §°6¢ Y ¥°¢ mmE o m\ﬁx 29759

s/w{ L' s&ep p0ET s/u §°9 shep y1g 5% ¢E  Dbep y-gz

SUON SUON €987) €9389300TTYJ (g€Ty) s®Seydrey €2k T0~-S0-T7T

SNICY: ISIG-E SINICYE LSIC-C OICVY= ISIg-3 SAIaYE L8IC-G AG O/S AGTONI
JE=2Es gas e C358S g4 SWIL d3Eds €4 HNIL d3Ed4ds d4 HAIL 0/8 SSYW ¥1Q
(EFERAN) TAYN (dEENRAN) SWYN (BEEWAN) HWYN (dIENWAN) IWNYN Nm\NExv 190] JIvda

14 Ea [ Wa o/ A X W o [T R YW AS R 2] % hbd d o Sk W bl A '™ vy r;’\r:tﬂ
Y 8L av v 2z s/w €Iy S/wy $¥8°9
S/uY g8 yT SARD Gg6T suweg swes sweg by g1 bep ¢ 8
(10g) ®eTaevaeg 8€TY) seyoTey GZ61T) 1I-& €25V G681 A®TOXOY 6°08 00-TE~-0T
u y° ¢ Qv 671 s/W 82Z S/WY §5°9
sweg swes s/uy 6°91 SAep 06T 5y 98 bsp ¢£°8
SUON 8ETY) seYdT®eY (GZ6TT) 1T-d €2ZSY (668T) a®dTOIOY 6 08 00-T€-0T
Wy 8°62 nv 9°¢ uyY 9761 av §°§ s/w 80T S/WX 967§
s/ux €9 shep 66€T s/uy 69 skep L6L 5% 16 B9P €707
IuON SUON {gg:vy) seyoTey (GZ61T) T-& €Sy 718 00-Te-07

SAICYE LSIC-E SInI . LSIQ-Z SAICYY LSIg-d SNIAQYd ISIg-2 AQ O/S AQTONI
CE=eés €z ERNIL QEEdS €4 EWNID 15388 g4 JWIL a3dzds 494 dWIL 0/S SSYR ¥1Id
(EEERON, EWUN (BEEENNN) IAYN (GEEWNAN) IWYN (4IEWAN) HWYN Nm NFJ* €0 JIYC

— = -
SAICYIILSY NVYLOHWL OMI OL SITIIINANLIOAIC NOISSIW 'T ®°Tqed




